AND CONCLUSIONS 1. Normal human subjects made discrete elbow flexions in the horizontal plane under different task conditions of initial or final position, inertial loading, or instruction about speed. We measured joint angle, acceleration, and electromyographic signals (EMGs) from two agonist and two antagonist muscles.
1. Normal human subjects made discrete elbow flexions in the horizontal plane under different task conditions of initial or final position, inertial loading, or instruction about speed. We measured joint angle, acceleration, and electromyographic signals (EMGs) from two agonist and two antagonist muscles.
2. For many of the experimental tasks, the latency of the antagonist EMG burst was strongly correlated with parameters of the first agonist EMG burst defined by a single equation, expressed in terms of the agonist's hypothetical excitation pulse. Latency is proportional to the ratio of pulse duration to pulse intensity, making it proportional to movement distance and inertial load and inversely proportional to planned movement speed. However, these rules are not sufficient to define the timing of every possible single joint movement.
3. For movements described by the speed-insensitive strategy, the quantity of both antagonist and agonist muscle activity can be uniformly associated with selected kinetic measures that incorporate muscle force-velocity relations.
4. For movements collectively described by the speed-sensitive strategy, (i.e., that have direct or indirect constraints on speed), no single rule can describe all the combinations of agonist-antagonist coordination that are used to perform these diverse tasks.
5. Estimates of joint viscosity were made by calculating the amount of velocity-dependent torque used to terminate movements on target. These estimates are similar to those that have previously been made of limb viscosity during postural maintenance. They imply that a significant component of muscle activity must be used to overcome these forces.
6. These and previous results are all consistent with a dualstrategy hypothesis for those single-joint movements that are sufficiently fast to require pulse-like muscle activation patterns. The major features of such patterns (pulse intensities, durations, and latencies) are determined by central commands programmed in advance of movement initiation. The selection between speed-insensitive or speed-sensitive rules of motoneuron pool excitation is implicitly specified by the nature of speed constraints of the movement task. INTRODUCTION Rapid, self-terminated movements of a limb about a single joint are associated with two or more bursts of activity in the muscles that generate the movement. A burst of excitation activates agonist muscles and generates the initial, accelerating torque. The second, antagonist muscle burst generates an opposing torque to decelerate and arrest the limb at its target.
During much of a movement, agonist and antagonist muscles are simultaneously active, implying that except during the first tens of milliseconds of acceleration, the forces that produce these movements must be attributed to the summed contraction of both agonist and antagonist muscles. Nevertheless, it is a simple and common matter to demonstrate a high correlation between electromyographic ( EMG) signs of activation in a single ( agonist) muscle and kinetic measures of the trajectory such as peak inertial torque or kinetic energy under diverse conditions (Bouisset and Goubel 1968, 1973; Gottlieb et al. 1989a) . When the load remains constant, similar correlations have been demonstrated with various kinematic measures as well (cf. Gottlieb et al. 1989b for references).
In terms of features of the movement task, the behavior of an equivalent antagonist muscle has proven much more difficult to characterize. Physical principles only tell us that the strength of the decelerating torques should be proportional to factors such as the kinetic energy generated by the accelerating contraction. However, this is a mild constraint because the same distance can be moved with a long, gentle deceleration or a brief, vigorous one. Often, the area of the antagonist burst covaries with the torque required to decelerate the limb. Increasing movement speed (Corcos et al. 1989; Hoffman and Strick 1990) or inertial load (Gottlieb et al. 1989a; Lestienne 1979) increases antagonist activity, even though the latter procedure usually reduces speed. Ghez and Gordon ( 1987) showed that the strength of antagonist contraction controls the torque rise time rather than its peak during isometric pulse contractions. The average decelerating torque for movements of different speeds and loads is also positively correlated with the degree of antagonist activity (Karst and Hasan 1987) , but those experiments were not clear on the effects of changing movement distance. Movement distance is usually strongly and positively correlated with peak velocity, acceleration, and both accelerating and decelerating torques. It is experiments in which movement distance varies that have produced conflicting results on the relationship between antagonist burst area and movement distance. For example, Wadman et al. ( 1979) found no relationship. Some (Brown and Cooke 198 1; Cheron and Godaux 1986; Gottlieb et al. 1989a; Marsden et al. 1983) found an inverse relation, whereas others found a proportional one Mustard and Lee 1987; Sherwood et al. 1988 ).
GOTTLIEB, LATASH, CORCOS, LIUBINSKAS, AND AGARWAL Wierzbicka et al. ( 1986) showed how the strength of antagonist contraction could be used to control movement time, whereas movement distance could then be independently controlled by the strength of the agonist contraction. They also emphasized the differences in force production during lengthening versus shortening contractions (Katz 1939) as a possible explanation of the fall in antagonist EMG while the forces it generates appears to be increasing. Those movements that demonstrated a proportional antagonist relationship with torque or one of its kinematic correlates for varying movement distance were generally isochronous. That fact, and the findings of Ghez and Gordon ( 1987) and Wierzbicka et al. ( 1986) , highlight the necessity of considering the timing of antagonist action, not merely its strength. The latency of the antagonist burst is always proportional to movement time (Corcos et al. 1989; Gottlieb et al. 1989a; Lestienne 1979; Wadman et al. 1979 ). The latency is constant under isochronous conditions, even when movement distance varies Sherwood et al. 1988) .
The experiments reported here quantitatively characterize the latency and intensity of antagonist muscle activation in terms of physical parameters of the movement task. We found that the latency of the antagonist is often closely coupled to parameters that characterize the degree to which the agonist muscle is activated. This leads to very simple rules for single joint movement planning. We also found that the degree of antagonist activity can be quantitatively associated with joint torques if the force-velocity properties of muscle are considered, but only for those movements we have characterized as controlled by the speed-insensitive (SI) strategy. Consideration of force-velocity properties also improves our description of the degree of agonist activity. For movements in which distance and accuracy are fixed and only movement speed (or movement time) is manipulated, the same rules can describe antagonist latency but not its degree of activity. Considering all the task elements that can influence movement speed, we find no single, simple rule to specify the degree of activation of the muscles in tasks characterized as speed-sensitive (SS).
METHODS

Apparatus and general instructions
Seated subjects adducted the right shoulder 90" and rested the forearm on a horizontal manipulandum that allowed free rotation about the elbow. They viewed a computer monitor that displayed a cursor, the horizontal location of which was determined by the angle of the elbow. A narrow marker on the screen located the starting position of the limb. A second, broader marker was a target, centered at the desired angular position. Zero degrees was defined with the forearm and upper arm forming a right angle. Extension was toward -90°, and flexion approached +90". Subjects made blocks of 1 l-15 similar movements with each condition of position and loading on the manipulandum. An audio tone lasting 2 s signaled the subject to make an elbow flexion from the starting position to the target. These methods are described in greater detail in Gottlieb et al. ( 1989a) .
Joint angle and acceleration were transduced and low-pass filtered at 30 Hz. Joint velocity was computed from the acceleration. Inertial torque was computed by multiplying the measured acceleration by the sum of the manipulandum's moment of inertia (0.086 Nm s2/rad) and the estimated limb moment of inertia ( -0.095 Nm s2/rad with < 10% variance across our subject population) on the basis of body segment parameters (Miller and Nelson 1976) . EMG surface electrodes (Liberty Mutual Myoelectrodes) were taped over the bellies of the biceps brachii, brachioradialis, and triceps (lateral and long heads) muscles. EMGs were amplified ( X 1,600) and band-pass filtered (60-500 Hz). All measured signals were digitized with 12-bit resolution at a rate of 1 ,OOO/ s. After obtaining informed consent according to Medical Center approved protocols, various experiments were performed.
The different experiments were conducted over an extended period of time with different subjects. They can be most concisely described as consisting of four series, the first two conforming to the protocols for the SI strategy and the second to the SS strategy.
Series I required flexion movements of 18, 36, 54, or 72O to a target 9" wide from an initial position at -36" (extension). These movements were performed as quickly and accurately as possible with one of four different weights attached to the manipulandum. Moments of inertia of the device under the four conditions were 0.28, 0.80, 1.31, and 1.83 Nm s2/rad. Some of the results of this series on six subjects were reported in Gottlieb et al. ( 1989a) .
Series II also required flexion movements of 18, 36, 54, or 72", but to a target fixed at 35" flexion. This was accomplished by varying the starting angle. Movements were made as quickly and accurately as possible. Nine subjects took part in this series.
Series III had subjects perform 54" movements with a weighted manipulandum (moment of inertia 0.741 Nm s2/rad). The added weight increased the torque needed both to accelerate and arrest the manipulandum. This produced larger EMG signals (Gottlieb et al. 1989a; Lestienne 1979) . The subject first moved as quickly and accurately as possible. Movement time (MT) was calculated from the velocity signal after each movement and reported to the experimenter. Movements with longer times were obtained by asking the subject to move more slowly and providing verbal feedback until the desired MT was obtained. During the experiment, verbal MT feedback was provided after each movement. MT was increased by -50, 100, and 150 ms on successive blocks of 15 movements. Four subjects each performed four blocks of 15 movements.
Series IVrequired subjects to move four different distances as in series I. They repeated that series four times, each with a different instruction influencing movement speed. Speed ranged from fairly slow when made at the subjects' choice to as fast as possible. Some results from these experiments were reported previously (Gottlieb et al. 1990a) . We report the results of further analysis of those data here.
Analysis
We can partition the net torque produced by all the muscles at a joint into three components given by Eq. 1. These are 1) torque exerted on external physical loads, 2) an inertial torque that accelerates the limb and manipulandum, and 3) an intrinsic force that is dissipated within the muscles d20 7=7 external + J dt2 + Tintrinsic (0 The external torque includes those applied to all mechanical loads, except the manipulandum, including the isometric condition. The parameter J includes the inertia of the limb and the manipulandum because the location of the torque measurement transducer did not allow us to measure the component of torque that accelerated the device.
We will assume that the third component is related ment velocity so that, as a simpli fying approximation to move-
This approximation is clearly not a complete accounting of the heat produced by muscle activation and shortening nor of muscle mechanical impedance in general. Elastic, energy storage elements are also neglected' (Feldman 1986; Flash 1987; Joyce et al. 1969; Latash and Gottlieb 199 1 b) . This is a useful first approximation of the processes underlying Hill's force-velocity relation (Hill 1938) .
We have previously used peak values of inertial torque (Corcos et al. 1989 (Corcos et al. , 1990 Gottlieb et al. 1989a Gottlieb et al. , 1990a as the mechanical correlate of muscle contraction related to the myoelectrical measure, integrated EMG. Although peak inertial torque is better correlated than kinematic measures over a wider range of movement conditions, it lacks any theoretical rationale as a general correlate of integrated EMG. Inspection of the inertial torque trajectory over the course of a series of rapid movements of different distances shows that peak accelerating torque often tends to saturate with continued increases in movement distance and load (e.g., Figs. 2 and 3 in Gottlieb et al. 1989a) . When a task variable (e.g., distance) and the EMG burst both increase, we expect that there should be a mechanical measure of muscle contraction that does the same. One that has been used previously is power (7 d0/dt, Gottlieb 199 1 ), which can be integrated to give kinetic energy (Bouisset and Goubel 1973) . Here we will consider an alternative, the mechanical impulse as defined by Eq. 3
The integration interval covers the region of positive acceleration from movement onset ( tl = 0) to the first zero crossing of acceleration, which corresponds to the time of maximum movement velocity. In the experiments we will discuss here, the external torque component is always zero. For a symmetrical movement (which in this case requires half the distance be traversed before torque reversal), substituting Eq. 1 and 2 into Eq. 3 and letting 7external = 0 simplifies to Impulse = J d6 r 1 0 x +g* (UL Jmax Note that the inertial term in Eq. 4 is equivalent to the momentum that is maximum at peak velocity. In considering the work of the antagonist muscle, this momentum is completely dissipated when the limb returns to zero velocity, so this component is the same for agonist and antagonist (assuming little or no overshooting or terminal oscillation, which is characteristic of the movements made in our manipulandum). The sign of the second term depends upon whether we are calculating the impulse generated by the agonist (+ ) or antagonist (-) muscle. Viscous forces impede acceleration by the agonist but assist deceleration by the antagonist. We will not argue that impulse is an optimal mechanical measure in any theoretical sense or that the trajectory is planned to minimize its value. Equation 4 simply shows that impulse is a particularly simple quantity to evaluate for the partitioning of torques as in Eq. 1 and 2 that may provide a better description than inertial torque alone.
' We have neglected the elastic work because its inclusion requires a more complex modeling approach. The elastic term should be K( 6 -0,,,), where etest is the hypothetical rest length at which the activated muscle would generate zero force. Not only is 6,,, a third unknown parameter value to estimate, but both experimental data (Joyce et al. 1969; Latash and Gottlieb 199 1 b) and theoretical models of muscle (e.g., equilibrium point models, Feldman 1986; Flash 1987) suggest that t9,, cannot be assumed constant during time-varying contractions or movements.
To evaluate the degree of muscle excitation, we used the integrated, rectified EMG. The integration interval for the agonist muscle was defined from the first sustained rise of the EMG above baseline to the first zero crossing of the acceleration (i.e., peak velocity). This encompassed the first agonist burst (a,,>. For the antagonist muscle, integration began at the same time as for the agonist and extended to the projected end of deceleration, determined by linearly extrapolating the deceleration to zero from the point at which it had fallen to 50% of its negative (deceleration) peak. This kinematically defined interval encompasses the antagonist burst ( Qant ) , and the rationale for its use is given in Gottlieb et al. 1989a . This avoids the need to define burst durations from the EMG records. Such definitions are difficult or impossible to determine consistently across subjects and tasks.
The latency of the antagonist burst (t,,,) was measured on a computer monitor. The highly amplified EMG signals for each movement were rectified and smoothed with a narrow ( lo-ms) rectangular averaging window and displayed. The first detectable antagonist activity begins 20-30 ms after agonist onset. This activity scales with the agonist (Corcos et al. 1989; Gottlieb et al. 1989a ) and continues until the onset of a larger, abrupt increase in activity, 50-250 ms later. This increase is usually identifiable as a distinct discontinuity in the EMG record (see Fig. 4 ) and marks what we will refer to as "the antagonist burst." If it was not identifiable, the record was rejected from analysis.
Measurements were made from biceps and brachioradialis agonists and lateral and long heads of triceps (antagonists). The quantities presented in Figs. l-3 and 6-8 below are all taken from biceps (Q,) an lateral triceps ( Qant, t,,) for consistency. Similar results were obtained from the other muscle pair.
RESULTS
The principal focus of this study is to characterize properties of antagonist muscle behavior. To do this, we will not regression lines are steeper present the results in the sequence by which the series are enumerated above. Instead, we will organize the data around the two primary characteristics of antagonist activity, its timing and its strength of activation.
Timing of antagonist muscle activity
The timing of the antagonist EMG burst was examined for movements under both SI (series Z) and SS (series ZZZ) conditions. We began in series Z by reanalyzing experiments that were described in Gottlieb et al. 1989a , where movements over four different distances with four different inertial loads were studied. The patterns of EMG and inertial torque for all these movements can be described as behavior under the SI strategy. Data from one subject, showing MT versus tant, are shown in Fig. 1 . The overall regression curve is MT = 35.9 + 1.69t,,,, r = 0.96. We have also plotted the dependence of antagonist latency on quantity of agonist activity ( Qap) in Fig. 2 . The antagonist latency is slightly better correlated with the area of the agonist burst (t ant = 52.4 + l.O03Q,, r = 0.98) than with MT.
Figures 1 and 2 also show the linear regression lines that were calculated under two different partitionings of the data. First we computed the four regression lines for movements of one distance with different loads and then of four different distances with the same load. All correlation coefficients were >0.93, and most were >0.95. We would expect that, were movement time completely determined by the latency of the antagonist burst (which itself would depend on movement-specific parameters), then the slopes of the regression curves relating tant and MT would be independent of the task. This particular relationship between agonist activity and antagonist latency only applies when movements are controlled by the SI strategy. Our study of the SS strategy (Corcos et al. 1989) showed that integrated agonist activity was negatively correlated with movement time, implying an inverse relationship with antagonist latency. Those data described latency over a limited range of movement speeds, because the slower movements had very small amplitudes of antagonist EMG, making it impossible to measure the latency. To enhance the magnitude of the antagonist burst and facilitate this measurement, we performed series ZZZ experiments, 54' movements of different speeds with a weighted manipulandum. Figure 3 shows means and standard errors of antagonist latency and integrated agonist activity for 54' movements for all four subjects and speeds. To combine the four subjects' data on a single graph as we have, we performed the following normalization procedure. For each subject, tant was plotted versus Qas for all 54O movements at four speeds, and a regression curve of the form tant = a + b/ Qag was calculated. "Adjusted" variables were defined as tHnt = t,,, -a and Q&, = Qa,/b. Therefore each subject's adjusted data fit a curve of the form tHnt = 1 /Q& and could be plotted together on the same graph. The pooled correlation coefficient (r = 0.74) was approximately the same as that for each of the individual subjects' unadjusted data. However, tant remains highly and positively correlated with MT. For example, the regression curve for one subject was MT = 73 + 1.98ta,,, r = 0.99. The lowest calculated r value was 0.78.
Another way to visualize these data is by examination of the average trajectories. Figure 4 shows another subject's 54O movements of different MTs. Four sets were performed under the SS strategy as evidenced by the rising phases of the EMG bursts and the kinematic trajectories. All slopes steepen as speed is intentionally increased. Burst durations are not always well defined but tend to decrease or remain constant as speed increases. We have added small vertical arrows on the antagonist EMG records to indicate generally where lant would be defined. This is done for illustrative purposes. Actual latency measurements were always made from individual records, not averages such as these.
Quantifying the degree of antagonist muscle activity
We have speculated (Gottlieb et al. 1989a ) that the decrease in antagonist EMG that has often been observed with movements of increasing distance performed under the SI strategy could be explained by changes in muscle lengthtension and length-EMG relations. The antagonist acts at greater sarcomere lengths for longer movements. Greater force will be produced on the rising phase of the sarcomere length-tension curve, without any increase in muscle excitation. In addition, a stretched muscle has less volume directly beneath the surface electrodes, which could result in a smaller EMG signal without any reduction in muscle excitation. The combined effect of these two processes is to increase the ratio of measured force to EMG. It follows that movements of different distances terminating at the same position and therefore at the same length of the antagonist muscle might not exhibit this effect. Series ZZ experiments started the movements at different initial positions and ended them at the same final position. In this experiment, the antagonist muscle becomes active at shorter lengths to arrest movements of greater distances. Figure 5 shows an example of one subject's movements.
The agonist EMG bursts and acceleration traces show a typical SI pattern (e.g., Fig. 1 of Gottlieb et al. 1989a ). Peak accelerating torque, which is proportional to peak acceleration in the figure, saturates and does not scale with either peak velocity or movement distance. It is also poorly correlated with the area of the Q, in this experiment. Peak decelerating torque is poorly correlated with the area of the Qant, which is not even monotonic with distance. These data do not exclude changes in force:EMG ratios as a contributing confounding factor. However, they suggest that this explanation cannot fully account for the variations in magnitude of the antagonist EMG with movement distance, because the antagonist could not have acted at longer lengths for greater distances.* Thus it is possible that observed de-creases in EMG activity reflect true decreases in the degree of antagonist muscle activation. It is necessary, therefore, to account for movements where there are increases in decelerating torque with movement distance while the antagonist burst remains constant or decreases (Cheron and Godaux 1986, Fig. 6 ; Gottlieb et al. 1990a , Fig. 3 ) . Because we now wish to consider Qant as an accurate measure of antagonist activation, and we believe that the mechanical output of the antagonist should be positively correlated with that measure, then we must reconsider how we evaluate the mechanical performance of a muscle.
Preceding papers in this series used peak inertial torque as the mechanical correlate of integrated EMG activity. Those are two measurable expressions of the same hypothetical excitation pulse. In METHODS, we suggest impulse as an alternative mechanical measure. The relationship between Qag and peak inertial accelerating torque and between Qant and peak decelerating torque can be seen in Figs. 4 and 7 of Gottlieb et al. 1989a . Those are the same movement data from which Fig. 1 has been drawn. The agonist EMG is monotonic with torque, but the curves separate by load, particularly for those movements with the lightest inertial load. The antagonist EMG is almost independent of peak torque when movement distance is varied but is extremely sensitive to variations in load. For a series of movements involving variation of both variables, peak decelerating inertial torque is not a useful descriptor of the antagonist EMG and vice versa.
Those movements (analyzed as series I above for antagonist latency) were further examined to elucidate how the quantity of EMG activity was associated with different distances and loads. The graph of impulse, without accounting for velocity-dependent forces (i.e., Eq. 4 with B = 0), is shown by the solid data symbols of Fig. 6 . Dotted regression lines are drawn for movements of different distances with the same load and thin solid regression lines for those same movements, recategorized for different inertial loads moved over the same distance. The heavy dashed regression line is for all 16 filled data points. Its correlation coefficient (r = 0.93) for the agonist muscle is slightly lower than that between Qap and peak torque ( r = 0.95 ), Gottlieb et al. 1989a) . For the antagonist, however, the relationship between Qant and impulse is somewhat more highly correlated, whether distance or load varies ( r = 0.88)) than it is for peak decelerating torque ( r = 0.79). However, there is still dispersion of the data, because the slope of the relationship between EMG and impulse differs greatly, depending force:EMG ratio, direct comparisons can be made during a phasic contraction. The information about muscle excitation that is provided by the EMG signal at any instant in time does not correspond to the force being generated at that same instant because the dynamic processes underlying those variables are quite different. To conclude that force:EMG ratios are explanatory in this situation, it is necessary to solve that problem, but to reach the contrary conclusion it is not. When movements are made from the same initial position to progressively more distant targets, it is possible that antagonist excitation acts at longer muscle lengths for more distant targets, depending on where in the trajectory the antagonist becomes active. If that is true, only then can we attempt to explain the decreasing antagonist burst as a consequence of change in this ratio. In the experiment performed in series II, the antagonist could not have acted at longer lengths for greater distances. Therefore we cannot use changes in force:EMG ratios to explain the results here. on whether distance or load is held fixed. The slopes of the regression curves, calculated under the two different partitionings (load and distance) of the data, can be compared as was done for series I. A two-tailed t test rejects the null hypothesis that the slopes are the same for both partitionings for both the agonist [ t( 6) = 4.384, P = 0.0046 < 0.051 and antagonist [ t( 6) = -2.627, P = 0.0392 < 0.051 regres-. sions.
To include the effects of velocity on impulse, the value of B is required. Lacking an independent estimate, we found by iteration the value of B giving the highest correlation when all 16 data points are used. This term increases the impulse calculated for the agonist, whereas it decreases that of the antagonist. The open data symbols in Fig. 6 show the results of that calculation for B = 2.3 Nm s/rad, and the heavy solid line is their linear regression curve (r = 0.98 for the agonist and r = 0.97 for the antagonist). The velocity term decreases the impulse generated by the antagonist, be- cause the sign of the velocity term is reversed for lengthening contractions relative to shortening ones.
In Gottlieb et al. ( 1990a) , we described experiments with movements of different distances with different instructions to the subject regarding speed (series IV). Reanalysis of these data to calculate impulse gives the covariation with EMG shown in Fig. 7 . The correlation of impulse (letting B = 0 in Eq. 4) with Qag is lower than with peak inertial accelerating torque (0.932 vs. 0.986), and the correlation of Qant is lower than with peak decelerating torque (0.567 vs. 0.864). Impulse is more sensitive to changes in distance than is peak decelerating torque, which is why it is more poorly correlated with Qant.
The difficulty these data present for any electromechanical correlation is the modest (and under unloaded conditions, often inverse) relationship between integrated antagonist EMG and decelerating torques when we consider only inertia. This we can attempt to resolve by including velocity-dependent torque components. A large part of the velocity-dependent torque that slows a limb can be ascribed to mechanical properties of actively contracting muscles. Therefore it is reasonable that the viscous coefficient B could be proportional to the intensity with which a muscle is activated. The calculations performed in Fig. 6 use the same value of B for all movements. That is logically consistent with the SI strategy's use of the same excitation pulse intensity for all those movements. In contrast, the SS strategy varies excitation intensity and therefore it might be more appropriate to adjust the value of B accordingly. In fact, using a single, positive value for B decreases the correlation coefficient between impulse and Qap or Qant. To improve the correlation between electrical and mechanical measures of muscle contraction, different values of B must be chosen for movements performed at different instructed speeds. Figure 8A shows the improvement that is obtained if values of B are chosen (2.57, 1.15, 0.57, and 0.29 Nm s/rad) that are roughly scaled to Q,. The increase in r is from 0.932 to 0.966. Figure 8B shows the improvement that is obtained if values of B are chosen (0.97,0.69, 0.57, and 0.29 Nm s/rad) that are roughly scaled to Qant.3 The increase in r is from 0.567 to 0.775.
DISCUSSION
The principal aim of this study was to explore the behavior of the antagonist muscle in the execution of specific classes of relatively simple voluntary movements. We, as well as many others, have described a number of parameters that can be extracted from the kinematic, kinetic, and myoelectrical time series and shown them to be correlated with selected features of the task. Such correlations can be interpreted as revealing some of the rules used by the CNS to generate those movements. Our approach has been to examine the patterns of muscle activation and try to find systematic and reproducible associations between parameters of these patterns and parameters of the movement task.
The movement tasks that we have considered can be characterized with three parameters: distance, load, and speed. The physiological control system does not normally treat these as independent elements. The nervous system responds to changes in these task parameters in different ways, depending on which are most important to it. To 3 The choice of exact values was done by trial and error. A possibly less arbitrary procedure would have been to compute some function of the EMG burst areas. However, the effective viscosity is due to both agonist and antagonist muscles, and this would still have required an arbitrary weighting of the two. In fact, the trial and error method used probably gave a higher correlation than any more numerically constrained method is likely to achieve, raising the variance accounted for from 32 to 60%, which is still well below the 93% for the agonist.
control movement distance or adapt to different loads, the specific speed of a movement is often not of importance. Under such conditions, the SI control strategy is often used (although it is not obligatory) .4 This strategy allows speed (and movement time) to change in highly predictable ways. Increases in either of those task parameters usually result in increased movement time and excitation pulse (and EMG burst) duration and in a delayed Qant . Speed, however, increases with distance but decreases with load.
The kinematic, kinetic, and myoelectrical patterns associated with the SI strategy have been extensively described (Gottlieb et al. 1989a (Gottlieb et al. ,b, 1990a . The present study adds the conclusion that timing of the antagonist EMG burst onset is specified along with the parameters of the agonist burst5 Strick 1986, 1990; Hoffman et al. 1990 ; Fig. 2 ). To the degree that agonist excitation pulse parameters are preprogrammed without needing feedback information during the movement, so too is antagonist latency.
A simple rule for latency can be inferred from the above data and is given by Eq. 5, where PV and H are the width and height of the agonist excitation pulse and f0 and t, are constants
The SI strategy is not an imposed pattern of behavior. Simple instruction is sufficient to change movement times that increase with distance to constant ones, and even explicit instruction is not always necessary ). When the movement task explicitly constrains movement time or speed, the intensity of the excitation pulse is selected to achieve required kinematic features according to the SS strategy. This behavior is also not imposed by the laws of physics because in principal and within limits, the subject could use a uniform agonist pulse and change only the parameters of the antagonist pulse. Early, gradual braking by the antagonist can prolong movement duration, whereas delayed, abrupt, strong braking can shorten it. This is simply not usually observed, although a subject could surely be induced to do so if provided with appropriate feedback.
4 Isochronous movements are a common, if not always planned feature of many experiments. For example, Hoffman's Strick 1986, 1990 ) subjects performed wrist movements over different distance in constant movement time, an SS pattern. This may have been a consequence of working in a lower range of force (determined by characteristics of the manipulandum) in which a lower bound may exist for the duration of the excitation pulse, because of the finite twitch contraction times of the motor units ). This raises very important questions about what choices individuals have about the kinematic details of a movement, when they have them, and why they make them. The question at issue here, however, is whether muscle activation patterns and forces reveal a choice of control strategy that can be expressed in SI or SS terms.
5 The novelty here is not the proposition that the Qant is preprogrammed, because this is accepted by many investigators (e.g., Cheron and Godaux 1986). Rather, it is the tight coupling of antagonist latency to agonist area that is novel. Although this correlation, like many, is obvious for any single task manipulation (e.g., changing movement distance), it is not obvious that the correlation is invariant for other tasks. Figure 2 is quite remarkable, and we are unaware of any other pair of measures that are related in such a task independent way across experimental manipulations that have a diametrically opposite effect on movement speed. Equation 5 describes antagonist latency for SI controlled movements (Fig. 2) when IVis modulated. A proportional correlation between distance and tant is a consequence (Cheron and Godaux 1986) . Under this strategy, MT always increases with W, whether distance or load is varied, so the strong positive correlation in Fig. 1 of MT with tant is also to be expected. The duration of Qap, a variable we have not quantified, will also be correlated with I;t/ (Gottlieb et al. 1989b ) and therefore with all its kinematic correlates.
Movements made under the SS strategy show a completely different relationship between the degree of agonist activation and the latency of the antagonist. Figure 3 shows the inverse relationship for four subjects. The defining feature of the SS strategy is modulation of agonist excitation pulse intensity, so that relationship is also encapsulated by Eq. 5. Isochronous movements of varying distance are another form of the SS strategy and are a variation on this pattern. To increase movement distance, the model requires increasing IV. To do this without an increase in MT, an increase in H will generate a larger initial acceleration and a faster movement. Equation 5 predicts that tant can remain constant with increasing movement distance if both the intensity and the duration of the excitation pulse increase (Hoffman and Strick 1990, Fig. 2; Sherwood et al. 1988 , Fig. 4 ). This equation shows that for a variety of tasks, a very simple algorithm can specify antagonist timing once the parameters of the Qap have been determined.
Scaling muscle excitation
How does the nervous system determine the parameters of the agonist excitation pulse? The initial intensity must represent a "guess" based on prior experience. We suggest that, as a first approximation, the entire agonist burst, including its duration, is preprogrammed.
This follows from the following argument. First, the observation that the latency of Qag is not changed, even when a movement is unexpectedly blocked (Latash and Gottlieb 199 1 a; Wadman et al. 1979) , implies that its latency is preprogrammed and independent of feedback, a conclusion also reached by Cheron and Godaux 1986. However, the conclusion reached above, that this latency is determined at the same time the area of the agonist excitation pulse is specified, implies that the duration of the Qag must be preprogrammed as well. In effect, for simple tasks, the nervous system simply programs three of the five parameters that specify the Qag and Qant 6 in advance of the movement.
This still leaves unaddressed the issue of how the intensity and duration of the Qant are determined. Let us consider several possibilities. The simplest is our previous suggestion that the antagonist excitation pulse is a delayed mirror image of the agonist pulse. This is plainly too simple an approximation, because the kinetics of movements are not symmetrical (Gottlieb et al. 1990b ). Decelerating torques 6 Let us emphasize the words "first approximation" above. Equation 5 accounts for only -50% of the variance in Fig. 3 between antagonist latency and Qap area for SS tasks. It is completely consistent with the notion of preprogramming activation onsets to allow reflex mechanisms to modify the later phases of muscle activation, according to the progress of the movement.
are also usually of smaller amplitude and longer duration than the accelerating torques.
A second possibility is that the antagonist pulse is planned to take advantage of the viscous forces of the muscles that assist the braking process. This is an extension of the suggestion made by Lestienne ( 1979 ) to account for the virtual absence of antagonist EMG activity during slow movements. The observation that antagonist activity is also absent when the movement is halted by impact on a barrier (Marsden et al. 1983 ; Waters and Strick 198 1) is relevant to this because it implies that the CNS can anticipate and estimate the contractile torque needed to halt the movement.
The methods we have used to estimate B do not account for elastic forces that are also likely to be present. However, our estimates of B are on the same order as those made by several studies of the human forearm that do calculate elastic forces. Some studies used externally generated discrete or continuous sinusoidal or pseudorandom perturbations and measured ratio of angular displacement to applied torque to estimate viscosity in the range of 0.1-3 Nm s/ rad (Cannon and Zahalak 1982; Gottlieb et al. 1986; Lacquaniti et al. 1982; MacKay et al. 1986 ). Flash (1987) used a mathematical, multijoint model that required values that were mostly in the range of l-4 Nm s/ rad. The existence of two such disparate approaches, the first based on measurement of angle and torque and the other based on measuring only kinematics and calculating the required torque, lends confidence to both approaches.
We can estimate the torque components if we assume a value of B = 2.5 Nm s / rad. Peak values of acceleration and velocity estimated in Fig. 4 give peak inertial accelerating torques between 10 and 30 Nm (assuming J = 1 .O Nm s2/rad), whereas peak viscous torques might be 9-13 Nm. In Fig. 5 , where the limb was not moving an added inertial load (assuming J = 0.2 Nm s2/ rad), the inertial and viscous torque peaks would be ~25 Nm each. Typical values of maximal isometric flexion torque under these conditions are 50-80 Nm. The implication of all these various estimates is that the forces required to overcome intrinsic muscle viscosity are a significant portion of the total load. The EMG record therefore reflects significantly more agonist activation and less antagonist activation than is required to overcome inertial forces alone. This conclusion is supported by the correlation between agonist EMG and estimates of impulse that include viscous forces (Fig. 6A) . It suggests that nominal agonist and antagonist pulse heights and widths are chosen on the basis of prior experience and the urgency with which the subject wishes to move. The agonist pulse width is increased by an amount proportional to the distance to be moved (the second term of Eq. 4), and the antagonist pulse width is reduced by a similar amount. The latency of the antagonist is completely specified by this procedure, and the resulting bursts of muscle activation provide accelerating and decelerating contractions that accommodate movements of different distances and different loads.
The most serious deficiency of this model is seen in Fig.  8 B, which shows the poorest correlation between myolectrical and mechanical behavior of the antagonist even when viscous forces are included. The problem arises from the fact that, in the lightly loaded limb, there is a strong nega-
